ABSTRACT: In relation to climate change, a common finding from long-term studies on marine ecosystems is earlier annual peaks of abundance for many organisms. Here, we test the hypothesis of unidirectional change in the seasonal abundance of pelagic seabirds in association with change in marine climate and primary productivity in the Alaska Gyre. To test this hypothesis, we analyzed data on hydrographic conditions and seasonal at-sea abundance of seabirds along a 1425 km transect (Line P) over 11 yr, 1996 to 2006. Long-term sea surface temperature (SST) data show warming in the study region, advanced and delayed temperature peaks and northwestward isotherm displacement. Using negative binomial regression, we tested seasonal trends in the relative abundance of 15 seabird species and compared abundances to a multivariate ocean climate index we developed with principal component analysis from in situ measurements of water temperature, salinity, density and nitrate concentrations. Overall, 5 species showed no change, 1 declined, and 9 species as well as all species combined showed increasing abundance. By season, 3 species increased in winter, 7 in late spring, and 6 in late summer. Eight of 15 species showed relationships with our environmental index. Increases in seasonal seabird abundance may be related to lengthening of the 'growing season', as demonstrated by temporal temperature shifts and expansion of peak chlorophyll concentrations. Seabirds of the Alaska Gyre are probably responding to changes in forage nekton that are related to this extended growing season by shifting their migration to later dates.
INTRODUCTION
Climate change affects marine ecosystems worldwide, with impacts on distribution and abundance, phenology, and productivity of species, and, in turn, species interactions, community organization, and ecosystem functions and services (reviewed by Hoegh-Guldberg & Bruno 2010 , Doney et al. 2012 . To date, one of the most robust findings from longterm marine observations is earlier seasonality of abundance in plankton populations (Edwards & Richardson 2004 , Beaugrand & Kirby 2010 , Ji et al. 2010 . Such effects have been particularly well-documented in the North Atlantic. Fewer studies have been conducted in the North Pacific, but similar findings have been obtained, showing, for example, earlier seasonal peaks in abundance of large, energy-rich Neocalanus copepods in the Gulf of Alaska (Mackas et al. 1998 , Bertram et al. 2001 , Batten & Mackas 2009 ). The phenology of plankton abundance is critical to trophic interactions; if plankton are not available at the right time and place, the foraging ecology of predatory nekton may be compromised, possibly leading to reduced recruitment and population declines in upper trophic-level species (Cushing 1990 , Mackas et al. 2007 , Sydeman et al. 2009 , Dorman et al. 2011 .
Seabirds are the most conspicuous marine organisms living at the interface of the ocean and atmosphere and have been put forth as reliable indicators of variability of the abundance of plankton and forage nekton populations (Piatt et al. 2007) . As an ecotone, the surface and near-surface habitats of seabirds may be affected by climate change as global warming heats the atmosphere thereby affecting these upper ocean habitats (Levitus et al. 2005) . While there have been many studies of climate change impacts on seabird phenology at colonies, examining parameters such as date of colony arrival (Barbraud & Weimerskirch 2006) and hatching dates of eggs (Byrd et al. 2008 ), long-term observational studies of seabird communities at sea are few, and almost none are conducted across multiple seasons (but see Hyrenbach & Veit 2003 , Sydeman et al. 2010 . Most studies of seabird populations at sea have, however, demonstrated responses to marine climate variability and change over multiple time scales (Hyrenbach & Veit 2003 , Sydeman et al. 2009 , Ainley & Hyrenbach 2010 , so assuming that seasonal changes in abundance should also be observed is logical. To date, though, no study has attempted to corroborate the key findings on plankton described above using upper trophic-level species. We define variation in the phenology of seabirds at sea as a change in seasonal abundance through time. This may reflect changes in migration timing, especially for southern hemisphere species, or changes in wintering ecology for resident breeders.
In the North Pacific, the Gulf of Alaska (GoA) marine ecosystem is comprised of coastal and offshore waters from southern British Columbia north to Cook Inlet, Alaska, and west to the outer Aleutian Islands. The GoA is a highly productive marine ecosystem with substantial fisheries resources. In the southeastern sector, the Canadian 'Line P' survey ( Fig. 1; www.pac.dfo-mpo.gc.ca/ science/ oceans/ datadonnees/line-p/index-eng.htm) is one of only 2 longterm (> 50 yr) interdisciplinary studies in the Northeast Pacific; the other is the California Cooperative Oceanic Fisheries Investigations (CalCOFI) off southern California (Hsieh et al. 2009 ). The Line P program has provided a wealth of information about change in ocean climate in the southeastern GoA. Key findings include: (1) increasing temperature and decreasing salinity (i.e. freshening of the surface layer, Freeland et al. 1997) ; (2) increasing density stratification due to surface layer warming and freshening ); (3) shoaling of winter pycnocline depth (Freeland & Cummins 2005) ; and (4) reduced annual re-supply of macronutrients (Whitney & Freeland 1999 , see Sarkar et al. 2005 for similar information about the northern GoA). Changes in phenology of the zooplankton described above are likely related to these changes in the physical environment along Line P. Moreover, interannual variation in the abundance of many commonly occurring seabirds is substantial (Yen et al. 2005) . Seabird distribution and abundance in this region has been related to gradients in sea surface temperature (SST) associated with frontal structures (O'Hara et al. 2006) . While Yen et al. (2005) and O'Hara et al. (2006) provide initial information on this seabird community, a thorough investigation of seabird populations relative to ocean climate along Line P has yet to be conducted.
We present an analysis of seasonal variation in the abundance of seabirds in the Alaska Gyre to test the hypothesis of unidirectional change in the seasonality of pelagic seabird abundance in association with trends in marine climate and primary productivity as measured through chlorophyll a (chl a) concentration. Changes in SST are presented on a broad temporal and spatial scale using Hadley Center data. To test our hypothesis, we analyzed data on the at-sea abundance of seabirds and concurrent hydrographic conditions along the Line P transect in 3 seasons over 11 yr (1996 through 2006) . Specifically, we examine if there were trends in the abundance of 15 seabird species relative to an environmental index and sea- sonality. This study is important as the potential effect of climate variability and change on seabird communities in the GoA has yet to be investigated, and this ecosystem may provide interesting contrasts to the adjacent California Current where we have concurrent data on the seasonal abundance of seabirds from the CalCOFI region (Hyrenbach & Veit 2003 , Sydeman et al. 2009 ).
MATERIALS AND METHODS

Variability and change in ocean climate
We used SST data from 1960 through 2009 to assess broad-scale temperature change (°C yr ) for April and October focused on the Alaska Gyre. Data were obtained from the Hadley Center (HadISST; badc.nerc.ac.uk/view/ badc. nerc. ac. uk__ ATOM__dataent_hadisst) and processed as described by Burrows et al. (2011) . We extracted temperature data from the 1° × 1° pixels that encompass the locations of the Line P survey stations listed below.
Locally, measurements of temperature (°C), practical salinity, and nitrate concentrations (μmol l −1 ) were measured in situ by Niskin bottles and CTD (Seabird SBE 911+) casts at stations along the Line P transect from 1996 through 2006. To simplify the analysis, we used data from 3 main offshore stations: P12 (48.97°N, 130.67°W), P16 (49.28°N, 134.67°W), and P26 (Ocean Station Papa; 50.00°N, 145.00°W; Fig. 1 ). Data from these stations were used previously in studies of temporal environmental variability of the Alaska Gyre (Lipsen et al. 2007 , Peña & Varela 2007 , Wong et al. 2007 ). Water column density (sigma-t) was calculated from temperature, salinity and pressure. Data were summarized for 10 m depth intervals and averaged to produce seasonal values. In addition, seasonal averages were calculated and used to proxy missing values (seasons) in the data set. Finally, the 1996−2006 seasonal averages were subtracted from seasonal values to produce anomaly statistics that were used in analyses.
Ocean surface chlorophyll
Satellite remotely-sensed chlorophyll concentration (mg m −3 ) data were obtained from the Sea-viewing Wide Field-of-View Sensor (SeaWiFS) for 1998 to 2006. For consistency with measurements of hydrographic conditions, we used monthly composites of 9 × 9 km cells situated at the coordinates of Stns P12, P16 and P26. We averaged the chlorophyll values for the cell closest to the coordinates of the station and cells immediately to the east, south, and southeast to produce an overall estimate for 324 km 2 of ocean habitat at each station. The average concentration from the 4 cells at each station was averaged across the 3 stations to produce a single value for each seasonal Line P survey.
Seabird surveys
From June 1996 to June 2006, we conducted 28 seabird surveys along the Line P transect. Most surveys were conducted over 10 to 20 d aboard the Canadian Coast Guard Ship 'John P. Tully'. The timing of winter (February), late spring (June), and late summer (August to September) seasonal surveys was variable, but did not change systematically over the 11 yr (p > 0.1 for each season). The median date of each survey is listed in Appendix Table 1 . There was variability in the length of surveys, but the duration of surveys did not change significantly through time (p > 0.05). Related in part to survey duration, there was substantial variation in the area of ocean habitat surveyed for seabirds, but again we found no trend in coverage over the study period (p > 0.2).
Data on seabird populations were collected as described by Yen et al. (2005) and O'Hara et al. (2006) . Briefly, birds were counted by an experienced observer positioned on the flying bridge, ~15 m above the water surface. Surveys were conducted using the standard strip transect method (Tasker et al. 1984) . All birds sighted within 250 m of the ship in a 90° arc from the bow to amidship on the side of the ship with least glare were identified and enumerated. Surveys were conducted during daylight hours while the ship was underway at > 5 knot; observations were halted during periods of inclement weather or when visibility or ability to spot and identify birds out to 250 m was compromised.
We summarized seabird observations into daily counts and converted them into density estimates (birds km −2 ) by dividing counts by the area surveyed each day. We included species with at least 200 individuals observed over the duration of our study to exclude species with insufficient data for trend analyses. We did not conduct a power analysis on these data because the variance structure was un known a priori. This procedure resulted in selection of 15 species (Appendix Table A2 ), as well as a total for all species. Due to difficulties in distinguishing sooty shearwaters (Puffinus griseus) and short-tailed shear waters (P. tenuirostris), these species were identified as 'dark' shearwaters for analysis. In terms of the use of 'day' as our fundamental sampling unit, in com parison to the finer spatio-temporal resolutions that others have used, we used daily counts to avoid problems of pseudo-replication, excessive sample size, and spatial autocorrelation (see Yen et al. 2005 for an analysis of spatial autocorrelation for this seabird data set). These issues affect estimates of prob abilities on temporal trends as well as environmental (climate) correlates, as the degrees of freedom are unknown due to varying spatial autocorrelation functions be tween species. We avoided these problems by using 'day' as our sampling unit, which separated surveys by nighttime hours when no sea bird observations were made. Moreover, we ex cluded data collected during the first day of each survey to exclude observations from the coastal domain. In general, the vessel transits of coastal regions (shallow waters to ~1000 m depth) took < 4 h. Daily density estimates (no. of birds km
−1 +1) were log 10 transformed for illustration.
Data analysis
Data were analyzed using Stata v. 11 (Stata). To test for trends in hydrography, we used Spearman rank correlations and linear regression. We used principal component analysis (PCA) to create a local multivariate marine climate index time series. The PCA was conducted on the 4 in situ hydrographic variables of temperature, salinity, sigma-t, and nitrate concentration. This analysis was restricted to data collected concurrently with seabird observations made during surveys from June 1996 to June 2006. The first principal component was retained for further analysis (environment PC1, hereafter 'PC1 env '). We used rank correlations to test for trends in seasonal peak chlorophyll concentrations, changes in the timing of seasonal peaks, and a relationship between chlorophyll concentration and PC1 env . To look for trends in the timing of seasonal peaks, correlations were conducted on the month number of the peak across years. We calculated the number of months between the occurrences of the peaks and tested the difference over the time series to look for a trend in the temporal spacing of the peaks and length of the growing season.
We used negative binomial regression to test for trends in the seasonal abundance of seabirds. Negative binomial regression is designed for analysis of count data (Hilbe 2011) , such as the seabird data described herein. Daily counts were used to test for trends, and 'area surveyed' was included as a covariate to adjust for survey effort. To investigate seabird− environment relationships, PC1 env was aligned with the seasonal seabird count data and also lagged by 1 survey (i.e. a lag of 4 mo).
RESULTS
Trends in environment and seabirds
The HadISST data illustrate long-term and spatial patterns of change in the Northeast Pacific and Alaska Gyre (Fig. 2) . Over 50 yr (1960 to 2009), there was an increase in temperature, a shift in isotherms toward the center of the Alaska Gyre, and earlier and later shifts in temperature. For each survey station, temperature increased significantly through time (P12: Spearman ρ = 0.40, p = 0.0045; P16: Spearman ρ = 0.48, p = 0.0004; P26: Spearman ρ = 0.39, p = 0.0053). The (mean ± SE) rate of temperature change for each station varied from 0.014 ± 0.005 (P26) to 0.019 ± 0.005 (P16)°C yr −1 (linear regression). We found no significance of quadratic fits to these data. For the central Gulf of Alaska and Line P re gion, isotherm displacement ranged from 5 to 10 km yr −1 (Fig. 2) . Finally, these data indicate a seasonal shift in temperature, with an advance of ~8 d de cade −1 in April and a delay of ~3 d decade −1 in October (Fig. 2 ). PC1 env captured 62% of the variance, with temperature and sigma-t loading most heavily (Table 1) . Through time, PC1 env was somewhat variable prior to 1999 and more stabilized thereafter (Fig. 3) . The second principal component accounted for 25% of the variance and loaded very highly on nitrates (Table 1) . We used the first principal component for our study as a representation of environmental conditions.
Monthly chlorophyll concentration over time is presented in Fig. 4 . The seasonal cycle of early and late blooms is evident, with the highest values occurring in October 2005 and 2006. We found no change in the amplitude of peak values for each season. We found significant change in the timing of the peaks, with the early peak becoming earlier (Spearman ρ = −0.718, p = 0.029) and the late peak becoming later (Spearman ρ = 0.572, p = 0.108; see Table 2 for data). With the late spring peak becoming earlier and the late summer peak becoming later, the number of months between peaks increased (Spearman ρ = 0.845, p = 0.004). We found no significant correlations between chlorophyll concentration and PC1 env .
We found seasonal variability and directional change in seabird species abundance (Table 3, Figs. 5, 6 & 7) . Four species showed episodic high densities, illustrated by 1 or 2 disproportionately large bars in the density values (e.g. mottled petrel Pterodroma inexpectata peak in late spring 2002, Fig. 6 ; ancient murrelet Synthliboramphus antiquus peak in late spring 1997, Fig. 5 ; pink-footed shearwater Puffinus creatopus peak in late summer 2001, Fig. 6 ). Two species were completely absent from surveys in a season: pink-footed shearwaters (winter, Fig. 6 ) and ancient murrelet (late sum- , particularly in the outer region of Line P. See Burrows et al. (2011) Fig. 5 ). Four species were excluded from the negative binomial regression analysis in 1 season because of very low counts: black-legged kittiwake Rissa tridactyla in late spring, dark shearwaters and Leach's storm-petrel Oceanodroma leucorhoa in winter, and Laysan albatross Phoebastria immutabilis in late summer. After omitting these species from analysis, we found winter had the fewest trends in seabird abundance while late summer had the most (Table 3) . Laysan albatross (winter, Fig. 7) was the only species to show a significant decrease in abundance (Table 3) . Two-thirds of the species showed increasing abundance. Total (all species) abundance increased overall as well as in every season, as did rhinoceros auklet Cerorhinca monocerata abundance (Table 3 , Fig. 5 ).
Relationships between seabird abundance and the environment
The seasonal abundances of 4 species (rhinoceros auklet, glaucous-winged gull Larus glaucescens, dark shearwaters and Leach's storm-petrel) and all species combined correlated with PC1 env at lags of both 0 and 4 mo ( Table 4) . Four species were negatively correlated with PC1 env at either lag 0 or lag 4 mo: ancient murrelet and Cassin's auklet Ptychoramphus aleuticus at lag 0 (concurrent environmental and sea bird measurements) and black-footed albatross Phoebastria nigripes and fork-tailed stormpetrel Oceano droma furcata at lag 4 mo (environment leading sea birds; Table 4 ). Seven species (common murre Uria aalge, tufted puffin Fratercula cir rhata, black-legged kittiwake, mottled petrel, northern fulmar Fulmarus glacialis, pink-footed shearwater and Laysan albatross) had no significant relationships (Table 4) . We found a significant correlation between the length of the growing season (as indexed by the number of months between early and late chlorophyll peaks) and total bird abundance in the late spring (Spearman rho = 0.725, p = 0.027), but no significant relationships for winter or late summer abundances (respectively, Spear man rho = 0.207, p = 0.593 and rho = 0.075, p = 0.873).
DISCUSSION
We investigated the hypothesis of change in the seasonal abundance of pelagic seabirds relative to change in marine climate and productivity (indexed by chl a concentrations) in the Alaska Gyre. Using the HadISST data, we demonstrated warming, poleward shifts in isotherms and seasonal shifts in average temperature, indicating long-term environmental change that may be attributable to anthropogenic global warming. Despite a relatively short timeseries of seabird observations (11 yr) punctuated with the characteristic episodic variability in seabird densities observed in many studies (e.g. Ainley & Hyrenbach 2010), our primary result is an increase in the relative abundance of seabirds in the study region (10 of 15 species), with the most compelling change occurring during late summer (August to September). Increasing abundance of all species combined was found in all seasons. In winter (February) Laysan albatross abundance decreased, while 3 species (rhinoceros auklet, tufted puffin, and glaucous-winged gull) increased. In late spring (June), 4 species (Cassin's auklet, dark shearwaters, fork-tailed stormpetrels and Leach's storm-petrels) increased; in late summer, 6 species (common murre, rhinoceros auklet, dark shearwaters, black-footed albatross and both species of storm-petrels) increased. Four species (ancient murrelet, black-legged kittiwake, mottled petrel and northern fulmar) did not show any change in abundance. Overall, there appears to have been a general increase in seabird abundance in the study region over the 11 yr, with the greatest shift towards increasing abundance later in late summer.
Internal and external drivers of change
The population changes demonstrated here could reflect internal (species-or population-specific) or external (environmental) factors. Recent studies indicate the following population trends for locallybreeding seabirds in British Columbia: tufted puffin breeding populations are stable, rhinoceros auklet populations are increasing, and Cassin's auklet and common murre populations are declining (1984 Rodway & Lemon 2011) . Hipfner (2005) attributes the change in murre populations (2003−2004) to differences in colony attendance driven by the presence or absence of predatory bald eagles Haliaeetus leucocephalus. Information on locally-breeding forktailed storm-petrel population is inadequate to assess trends (M. Hipfner pers. comm.). Population trends from breeding sites for the migrant species are also indicative, primarily, of declining trends. Sooty shearwaters have declined 37% over 27 yr (1969−1996) at breeding colonies in New Zealand (Scott et al. 2008) , and pink-footed shearwaters have declined from colonies in Chile (Schlatter 1984) .
Since many seabird species show population declines at colonies, yet we found increased abundance at sea in the Alaska Gyre, we suggest external factors may explain our observations, with environmental correlations supporting this supposition. There are, however, a number of caveats to this suggestion.
(1) Most of the studies referenced above focused on breeding birds and did not consider the non-breeding component of these populations, which largely remain at sea throughout the year. For these species it is possible, though unlikely, that nonbreeding birds increased while the breeding component did not, therefore resulting in an increase in relative abundance at sea. (2) A related point is that with deferred reproduction, breeding populations could decline while abundance at sea, if represented by non-breeders, could increase. However, there are also temporal limits to consider. Deferred reproduction and non-breeding for most of these seabird species lasts up to 6 to 8 yr, while the patterns of population change we observed extended over an 11 yr period.
Seabird−environmental correlates on multiple time scales
The environmental variables we measured during surveys were highly correlated with each other (results not shown) and thus could suitably be combined using PCA. This is expected since temperature and salinity are inversely related and sigma-t is a factor of temperature, salinity and pressure. Importantly, these data came from measurements well offshore and away from freshwater sources that would affect salinity. The resulting multivariate indicator, PC1 env , reflects interannual variation in water column conditions. Temperature loaded negatively while salinity and sigma-t loaded positively on PC1 env . Temperature and sigma-t probably contributed most to the correlations between seabird abundance and this principal component.
Regarding interannual variability, we found few correlations between seabird abundances and individual hydrographic measurements (S. A. Thompson & W. J. Sydeman unpubl. data). However, we found significant correlations between PC1 env and seabird abundances; 8 of 15 species and all species combined showed significant relationships. In general, we found decreasing abundance of seabirds with increasing PC1 env . These inverse relationships reflect the 'PC1 space' that was created by combining the physical parameters using PCA. To reiterate, temperature was Table 3 . Negative binomial regression on seabird abundance over time by season (winter: 1997−2006; late spring: 1996−2004, 2006; and late summer: 1996, 1999−2005) . The model for all seasons included terms for area, year (continuous), and season (categorical). The model for each season included terms area and year (continuous). The sign of any significant trend is noted next to species names (NC: no change). Dark shearwaters consist of both sooty and short-tailed species. nd: not detected; *p < 0.1, **p < 0.05, ***p < 0.01 negatively related to PC1 env and salinity and sigma-t were positively related. This means that the relationships between seabird abundance and temperature were actually positive (negative in PC space), while the relationship with salinity and sigma-t was negative. So, while these results may appear to contradict other findings in this paper, notably a long-term in crease in SST using the 50+ year HadISST data set and a deca dal increase in seabird abundance, they do not. Temperature in PC space has the same relationship to seabirds on inter annual and decadal scales, and in both cases the relationships were positive. On the decadal scale, we found that seabird abundances were in creasing, particularly in late summer, and suggest that this is related to the timing of peak chlorophyll concentrations, with shifts of late spring and late summer peaks occurring earlier and later in each year, respectively. Thus, we postulate that the length of the growing season in the Alaska Gyre has extended over the period of study. This is supported by the April (advance) and October (delay) temporal shifts in temperature (for more details see Burrows et al. 2011) . Notably, as there were no trends in chlorophyll concentrations, the increases in seabird abundance observed in this study may be explained by changes in the timing of peak chlorophyll values alone. We are not suggesting that seabirds are re sponding directly to changes in phytoplankton, but rather that increased phytoplankton provide the basis for greater productivity and larger biomass of forage nekton, including fish and zooplankton. Our new working hypothesis is that the extended growing season enhances food availability in late summer, thus enticing seabirds to stay in the gyre longer during each year.
Re-distribution of seabirds to the Alaska Gyre? Sydeman et al. (2009) compared overall seabird abundance and species richness from the CalCOFI (1987−2006) and Line P programs (1996 Line P programs ( −2006 , and found a decline in abundance and diversity in the Southern California Bight and an increase in abundance and diversity in the southeastern Gulf of Alaska. To what extent could range expansions or contractions explain patterns of change in the Alaska Gyre seabird community? This study and others (Hyrenbach & Veit 2003 , Woehler et al. 2003 , Ainley & Hyrenbach 2010 , Péron et al. 2010 ) have demonstrated changes in relative abundance of sea birds that could suggest large-scale re-distributions. In this case, locally-breeding and migrant seabirds appeared to be staying in the Alaska Gyre for a longer period of time each year, a pattern re lated to changes in the phenology of primary productivity and possibly 'bottomup' trophic interactions. Northwestward isotherm displacement suggests possible improvements in habitat quality (warming) for seabirds in this region.
Studies of seabirds at sea have a distinct advantage over studies of seabirds at colonies in that environmental conditions can be measured concurrently at appropriate temporal and spatial scales, thereby facilitating mechanistic understanding of physical−biological coupling. The importance of this study lies in its broad spatial scale and seasonal sampling along with the hydrographic data collected in tandem and applied to multiple seabird species. With shipboard surveys one can map and assess changes in the distribution and abundance of multiple species simultaneously and attribute these changes to environmental conditions. We expect that additional insight will be provided by these sea-going programs, especially with increasing lengths of the time series in future years. This study provides key reference points for developing spatially explicit and seasonally sensitive models of climate−seabird interactions in the Northeast Pacific. 
